Introduction
Studies on the behavioral ecology of sympatric gorillas and chimpanzees provide information for various aspects of palaeoanthropological research (Stanford, 2006) . Chimpanzees can thrive in a wide spectrum of habitat types, which range from evergreen tropical rainforests to the dry savannas of East and West Africa, whereas the different subspecies of Gorilla live only in evergreen tropical rainforest in two areas of Central Africa (Junker et al., 2012) . The different feeding strategies of these great ape species are of particular interest in Central Africa because in nearly all regions where the two species co-occur they have overlapping home ranges and face inter-specific competition over resources. Studies on the feeding ecologies of sympatrically living western lowland gorillas (Gorilla gorilla gorilla) and central chimpanzees (Pan troglodytes troglodytes) suggest that while both species are feeding generalists and opportunistic frugivores, chimpanzees are more persistent frugivores and consume fewer herbaceous plants than gorillas (Tutin et al., 1991; Morgan and Sanz, 2006; Stanford, 2006; Doran-Sheehy et al., 2009) . By analyzing fecal samples and food remains of unhabituated gorillas and chimpanzees from Loango National Park, Head et al. (2011) showed a high degree of dietary overlap in the consumption of fruits, but larger differences in all other food categories. Gorillas avoided fatty fruits, which were preferred by chimpanzees and consumed more herbaceous and tree leaf species than chimpanzees. Moreover, the dietary overlap between the two ape species appeared to follow seasonal shifts. These findings may suggest different fallback food strategies to cope with seasonal changes in the availability of preferred food plants and nutrients.
Understanding dietary patterns of sympatric extant apes provides information for palaeodietary reconstructions in fossil ape and hominin species, particularly for studies on hominin feeding niches of species that lived contemporarily in the same geographical region (Stanford, 2006) . Well known examples include Paranthropus boisei coexisting with early Homo in East Africa (summarized e.g., by Stanford, 2006) and a more recent discovery of fossils suggests the presence of several contemporary species of the genus Homo (Leakey et al., 2012) . Reconstructing the dietary partitioning among sympatric hominins can provide insights on their niche specific behavioral and physiological adaptations. The selective pressure to adapt to food shortage periods by falling back on other food resources is increasingly recognized in the study of primate evolution. Fallback foods are commonly defined as highly abundant food resources of low nutritional quality, which are utilized when preferred foods are scarce (Marshall and Wrangham, 2007; Constantino and Wright, 2009) . Although so-called fallback foods have rarely been tested for their actual nutritional content and quality (Doran-Sheehy et al., 2009) , it has been proposed that the distinct manner in which sympatric great apes fallback on lesspreferred foods during periods of low food availability may explain some of their socioecological (ranging patterns, party size and composition) and morphological (masticatory and digestive anatomy) differences. For example, lowland gorillas utilize digestively challenging filler fallback foods such as leaves and piths when ripe fruits are rare, whereas sympatric chimpanzees tend to fallback on insect extraction, for which complex tool kits and cognitive skills are required (Yamagiwa and Basabose, 2009 ). Despite the assumed importance of fallback food consumption in hominin diversification, the identification of seasonal fallback food consumption remains challenging for palaeodietary reconstructions (summarized in Constantino and Wright, 2009 ).
Long-term dietary signals recorded and retained in the carbon isotopic ratios ( 13 C/ 12 C ¼ d 13 C) of tooth enamel may provide direct evidence on niche partitioning, dietary seasonality and potentially even fallback food consumption. To date, d 13 C values have been analyzed in fossil tooth enamel of many African hominin taxa, revealing high levels of inter-specific dietary diversity in the reliance on C 4 -and C 3 -plants ( van der Merwe et al., 2008; Lee-Thorp et al., 2010 , 2012 . Particularly, laser ablation d 13 C analysis provided insights into dietary variation during tooth formation within single individuals of Paranthropus robustus and Australopithecus africanus (Sponheimer et al., 2006b; Lee-Thorp et al., 2010) and has the potential to be applied to many other fossil taxa in the future. While most hominins appear to have consumed significant proportions of C 4 -based resources including C 4 -grasses, sedges, or possibly also savanna-grazing herbivores (Lee- Thorp et al., 2010; Ungar and Sponheimer, 2011; Sponheimer et al., 2013) , the early East African hominin Ardipithecus ramidus appears to have had a mainly C 3 -based diet more similar to that of present day chimpanzees Sponheimer et al., 2013) . More recently, this ape-like C 3 -pattern was also reported from two Australopithecus sediba specimens from South Africa (Henry et al., 2012) , challenging the widely accepted perception that evolutionary changes in locomotion and feeding repertoire of our fossil ancestors were largely driven by adaptations to savannah habitats (Schoeninger, 2012) . As chimpanzees that live in semi-arid woodland-savanna mosaics predominantly forage for fruits in few and isolated forest patches (Pruetz, 2006; Sponheimer et al., 2006a ), it appears possible that early African hominins employed similar strategies (Stanford, 2006 (Stanford, , 2012 . We suggest that improved isotopic evidence of great ape feeding ecology will enable a better understanding of isotopic variation under various ecological conditions and provide valuable analogies for palaeodietary reconstructions of folivory or frugivory in early hominins.
The analysis of d 13 C and d 15 N in body tissue has a wide applicability in describing niche utilization and feeding preferences in sympatric primates, as demonstrated by Schoeninger and colleagues (Schoeninger et al., 1997 (Schoeninger et al., , 1998 . Protein-deriving amino acids are the main contributors for the synthesis of proteinous tissues including hair and bone collagen, and thus isotopic feeding reconstructions using hair are biased towards dietary protein (Ambrose and Norr, 1993; Tieszen and Fagre, 1993; Jim et al., 2004) .
While in terrestrial ecosystems d 13 C ratios are particularly useful to distinguish among fodder plants with different photosynthetic pathways (C 3 , CAM and C 4 ) and at different canopy heights (Tieszen, 1991; van der Merwe and Medina, 1991) , d 15 N levels mainly correspond to trophic level (herbivore versus omnivore or insectivore diets), but are also affected by the consumption of 15 Ndepleted food plants, such as legumes (Ambrose, 1991) . As local isotopic baseline values are largely determined by climate, substrate and biome complexity (Heaton, 1987) , it has become accepted practice in isotopic research to include samples of plants to assess the local bio-availability of isotope ratios in a given habitat . Isotopic research on great apes, summarized by Sandberg et al. (2012) , to date has been limited to studies on unhabituated chimpanzees (Schoeninger et al., 1999; Carter, 2001; Sponheimer et al., 2006b; Smith et al., 2010) , one group of fully habituated chimpanzees (Fahy et al., 2013) , one community of habituated bonobos (Oelze et al., 2011) , and recently one group of habituated mountain gorillas (Blumenthal et al., 2012) . Here we present the first isotope dataset on free-ranging western lowland gorillas and central chimpanzees, and the first isotope study that compares dietary preferences in two sympatric great apes species. Using hair samples of great apes collected in Loango National Park, Gabon, we followed the approach that Cerling and colleagues (Cerling et al., 2009) concisely referred to as 'History of Animals using Isotope Records (HAIR)' and gained long-term dietary signatures potentially enabling investigations of dietary seasonality.
The objectives of this isotope study on sympatric great apes are to: 1) explore dietary differences between gorillas and chimpanzees by means of stable isotopes, 2) identify isotopically-diagnostic great ape food resources, 3) explore potential seasonal isotopic variation in gorillas and chimpanzees, and 4) compare isotopic signatures to other indirect measures of feeding behavior (Head et al., 2011) to evaluate the applicability of isotopic methods to the study of unhabituated ape populations.
Materials and methods
Hair samples were collected from nests of chimpanzees and gorillas as part of ongoing habituation efforts in the Loango National Park, Gabon (Boesch et al., 2007 (Boesch et al., , 2009 Head et al., 2011 Head et al., , 2012 . The Loango Ape Project study area (2 04 0 south and 9 33 0 east) covers 80 km 2 on a long strip of land bordered to the west by the Atlantic Ocean and to the east by a large lagoon. The study area contains a variety of habitat types and the forest composition is quite different from other locations where sympatric apes have been studied (Furuichi et al., 1997; Morgan, 2000) , and includes mature and secondary forest, coastal forest, swamp forest and savannah. The swamp forest includes mangrove, seasonally inundated forest and permanently inundated forest, which is characterized by an abundance of terrestrial herbs. Mean annual rainfall is approximately 2215 mm, and temperature ranges from 22.9 C to 27.2 C. There is a long rainy season (October to April) that is often interrupted by a short dry season (December to January). The long dry season stretches from May to September (Head et al., 2011) .
Hair samples of great apes were collected from fresh nests in 2009. Additional hair samples were collected from gorillas during ongoing habituation efforts in 2011, resulting in several hair samples from two silverbacks from the Indegho and Atananga groups. Hairs were collected from both ground and tree nests, which were confirmed as chimpanzee or gorilla nests based on species-specific signs (feces or feeding remains) that are commonly used to distinguish them from one another (see Head et al., 2011 for details) . Gorilla silverback nests were identified based on their location (on the ground) and the presence of long silver hairs, which are exclusively produced by adult male gorillas. With the exception of silverbacks, approximate age and sex of other sampled individuals was unknown. All tissue samples were stored in paper envelopes or plastic tubes and kept dry with silica gel.
All plant items were collected in November 2010 and May 2011 but without focusing on resampling the same plant materials in different seasons. Plant foods were selected for analysis using the list of important ape foods in Loango generated by Head et al. (2011) , based on frequency in ape fecal remains and on feeding trails. Additionally, we collected food items that were consumed by two semi-habituated gorilla groups during direct feeding observations. For each collected plant sample, canopy height was measured using a range finder where plants were >10 m in height, and roughly estimated where plants were <10 m height. Plant samples (several grams each) were dried and stored in tubes containing silica gel to prevent the material from decomposing.
Isotope analysis
Stable isotope ratios of hair strands may indicate dietary or even physiological changes over time. This has been successfully shown for domestic and wild mammals (e.g., Schwertl et al., 2003; Cerling and Viehl, 2004; Cerling et al., 2004b) and also for humans (e.g., O'Connell and Hedges, 1999; Huelsemann et al., 2009; Mekota et al., 2009) . Although the hair matrix is exposed to environmental influences (e.g., ultraviolet radiation and abrasion), it has been shown that the isotopic composition of carbon and nitrogen remains intact over longer periods of time (Auerswald et al., 2011) . Other advantages of hair keratin samples are that they can be easily and noninvasively retrieved in sufficient amounts from unhabituated apes, and sequential isotope data can be obtained for single individuals over several months.
All ape hair strands were purified before isotopic analysis and cleaned in a mixture of methanol and chloroform (2:1 v/v) for 24 h in a rotator to remove potential lipids or dirt (O'Connell et al., 2001) . Samples were then rinsed with ultrapure deionized water and dried in an incubator over-night at 40 C and transferred to a microscope workspace. We selected long hairs with intact roots for sequential sectioning under a stereo microscope with 50Â magnification. Moreover, taking a certain 'growth cycle error' (Williams et al., 2011) into account, we only selected hairs that could be assigned to the telogen phase of the hair growth cycle. In this physiologically inactive phase, the root bulb appears to be enlarged and without pigmentation (white-yellowish color). As hair is preferentially shed in this final stage of the hair cycle, almost all hairs containing roots were in the telogen phase. Short and particularly thin hairs were excluded from analysis to avoid analysis of hair that may belong to infants sharing their mother's sleeping nest (Oelze et al., 2011) . Additionally, fractured hair and single hairs without roots were measured as bulk samples. Hair samples with intact roots selected for sectioning were aligned with fine tweezers at the root bulb under the microscope and, depending on the amount (length and weight) of hair, cut into 0.5 cme 2.0 cm sections with a scalpel. We used human scalp hair growth rates because there is a lack of information on great ape hair growth rates, and thus we expected some imprecision in these estimates. If we assume that 1 cm of hair corresponds to 30 days (Tobin, 2005) , each 0.5 cm section should match up approximately with two weeks of hair growth and a 2.0 cm section with approximately two months.
While most hair sections were measured in single analyses, several hair samples were run in dublicates to check for analytical reproducibility. Finally, each hair sub-sample (!0.4 mg) was transferred into tin capsules for isotopic measurement. All plant items were freeze-dried and homogenized manually with a clean pestle and mortar. Subsequently, w2 mg of ground plant fiber were weighed in duplicates into tin capsules for isotopic measurement. All measurements were performed in a Flash EA 2112 (Thermo-Finnigan Ò , Bremen, Germany) coupled to a DeltaXP mass spectrometer (Thermo-Finnigan Ò , Bremen, Germany) at the Max Planck Institute for Evolutionary Anthropology in Leipzig, Germany. As plant materials often have very low nitrogen content (%N), we visually inspected the signal intensity during nitrogen isotope analysis in the analytical software Isodat (Thermo-Finnigan Ò , Bremen, Germany). In seven plant samples, low signal intensity (below 800 mV) indicated nitrogen amounts insufficient for detection. These samples were re-analyzed with larger amounts (typically between 3 and 4 mg). Overall, the analytical precision was better than 0.2& (1s) for d 13 C and d 15 N according to repeated analyses of international (IAEA N1, N2, CH6 and CH7) and internal laboratory standards (7Â Methionine, 2Â bovine liver) included in each run. In all subsequent figures these analytical errors are smaller than the area represented by the symbols.
Statistical analysis
We used R (version 2.15.1, R-Team, 2010) to conduct several generalized linear mixed models (GLMM). The GLMMs enable investigation of complex multi-factorial natural phenomena in ecology and evolution, e.g., by including interactions between predictor variables and by integrating random effects. Considering random effects is particularly important when variation is measured through time or when multiple responses are measured per individual (reviewed in Bolker et al., 2009 ), e.g., by conducting multiple measurements along a single hair strand as reported in this study. To test whether d 13 C and d 15 N values in plants were influenced by canopy height and/or by plant part unit, we used two separate GLMMs (Baayen, 2008) for the response variables d 13 C and d 15 N using the function 'lmer' of the R-package lme4 (Bates et al., 2012) . These models included the fixed effects 'canopy height' and 'plant part unit' to assess the differences between canopy levels and between photosynthetic and non-photosynthetic plant parts. Additionally, we controlled for random effects of 'species food' and 'plant species/family' (see Table 1 ). To fulfill the assumption of normality of residuals, we z-transformed canopy height and for the d 13 C model we transformed the d 13 C values (d 13 C e (min d 13 C) 2 ). We checked for potential presence of collinearity (using variance inflation factors, Field, 2005) and whether residuals were normally distributed and homogeneous (visual inspection of qq-plot and the residuals plotted against fitted values) and found no issues with these assumptions. To test model stability, we used the package influence.ME (Nieuwenhuis et al., 2012) , which checks for influential observations in mixed models by excluding observations one by one and comparing the resulting estimated coefficients and by calculating Cook's distance values. Changes in the estimates when removing each observation from the d 13 C model suggested a single influential case. However, removing this single influential case from the d 13 C model did not produce different results as compared with the full model. In the d 15 N model, four influential cases suggested overall instability of the model. Excluding these cases from the model did not affect the results. The two full models were compared with the null models using likelihood ratio tests (R function ANOVA with argument test set to 'Chisq'). P-values for the effect of 'species food' were based on Markov Chain Monte Carlo sampling (Baayen, 2008) and were calculated using the functions pvals.fnc and aovlmer.fnc of the R package languageR (Baayen, 2011) .
To test whether the isotope values in chimpanzee and gorilla hair sections were influenced by season in different ways we used two separate GLMMs, one for d 13 C and one for d 15 N (Baayen, 2008) .
As predictors we included 'season' in the form of a circular date (sin(Date) þ cos(Date)), 'species' (gorilla and chimpanzee) and the interaction of season and species as fixed effects. The 'hair ID' of individual hair samples was included as a random effect to account for repeated measures on single hair samples. We also included random slopes terms to allow for individual hair samples to vary in Table 2 ). * Food of great ape species (C: chimpanzee, G: gorilla, C/G: both); ** frequency is calculated as the % of feces that contained the seeds of the species over a three year period; *** seeds are not ingested. their relationship to season. We log-transformed the d 15 N values to fulfill the assumption of normally distributed residuals. To test whether repetitive sampling of a single silverback (Indegho) had any effect on our two models in terms of pseudo-replication, we ran separate models excluding this silverback from the dataset and including only this silverback, but the overall results of these test models were similar to the original models (see below). We checked whether the assumptions of normally distributed and homogeneous residuals were fulfilled by visually inspecting a qqplot and the residuals plotted against fitted values (both indicated no deviations from these assumptions). Model stability was tested by excluding individual hair samples one by one from the data and comparing the estimates derived with those obtained from the model based on all data, which indicated no influential cases. Variance Inflation Factors were calculated from the results of a standard linear model (excluding the random effect) and suggested no collinearity. The significance of each full model as compared with its corresponding null model (comprising only the random effect 'hair ID' and the random slopes terms) was established using a likelihood ratio test. P-values for the individual effects (p mcmc ) were based on Markov Chain Monte Carlo sampling (Baayen, 2008) .
To test the effect of season on d 13 C and d 15 N ratios in both ape species, we ran four separate post hoc GLMMs and checked the assumptions in the same manner as outlined in the two previous models outlined above.
Results and discussion

Floral baseline
While the baseline d 13 C values at Loango are comparable with most other great ape sites, the d 15 N baseline values appear to be rather site specific. The mean plant d 15 N value of 3.3& (AE2.5&, 1s)
for Loango was w2& lower than those calculated from the Congo Basin forests and Taï National Park (Ituri: 5.4& AE 1.8&, 1s; Salonga: 5.6& AE 1.3&, 1s; Taï: 4.9& AE 1.7&, 1s), but higher than in Bwindi (2.2& AE 2.7&) and quite similar to the mean value of 3.8& AE 1.6& documented in Kibale National Park, Uganda (Carter, 2001) . Thus, Loango herbivores and other consumers can be expected to be lower in d 15 N compared with the data from the Congo Basin or Taï. The Loango floral data showed a high degree of d 15 N variation among the different plant types, with both the lowest and highest d 15 N values extracted from leaves of the preferred gorilla food plants Baphia sp. (À1.2&, the bark value is 0.1&) and Cola flavoutina (13.3&), respectively (see Fig. 1 ). Baphia can be assigned to the woody legume subfamily (Leguminosae: Papilionoideae). Hence, along with Gilbertiodendron sp. (Leguminosae) the depletion in 15 N is connected to the nodular N-fixing capability of these plants (Ambrose, 1991) . Furthermore, we support the notion that some tropical liana species may be capable of nodulation (Gehring and Vlek, 2004; Gehring et al., 2005) , as the d 15 N value of the liana Cissus dinklagei (0.6&) is close to that of atmospheric nitrogen. The same liana subspecies also revealed the lowest plant d 15 N value (2.6&) within the Salonga data set (Oelze et al., 2011) . On the other hand, we cannot explain the elevated d 15 N value in the leaves of the shrub Cola flavoutina (13.3& AE 0.6&, 1s, from duplicate analysis), but assume a link to its complex nitrogen pathway, e.g., due to symbiosis with ectomycorrhizal fungal communities (Högberg, 1990) .
Mean d 13 C ratio analyzed from bulk plant specimens from Loango including fruits, leaves, stem piths, nuts and flowers (see Table 1 ) was À30.5& (AE3.5&, 1s, see Table 1 ). Although the mixed habitat structure typical of the Loango region differs from the evergreen forests of the Congo Basin, the mean d 13 C vegetation value from Loango was remarkably similar to the datasets from the West African closed canopy forest of Taï National Park with a mean of À30.8 (AE4.1&, 1s) (Fahy et al., 2013) , and to the rainforests of Ituri in Democratic Republic of Congo (D.R.C.) with a mean d 13 C value of À31.2& (AE2.8&, 1s) (Cerling et al., 2004a) , and Salonga, also located in D.R.C., with a mean of À29.0& (AE2.7&, 1s) (Oelze et al., 2011) . In Salonga, fruits from high canopy levels were predominantly sampled for the study of bonobo diet, but the low d 13 C values measured in three terrestrial herbs (À33.7& to À36.2&) suggest that the mean d 13 C value for this evergreen forest should actually be w1& lower and more similar to Ituri, where the sampling focus was dedicated to all canopy layers (Cerling et al., 2004a) . Contrary to this, plant samples reported for mountain gorilla habitat in Bwindi, Uganda, largely consisted of leaves and other foliage but still had a relatively high isotopic mean of À28.1& (AE2.2&, 1s) compared with the other sites (Blumenthal et al., 2012) . In addition, the terrestrial herbaceous vegetation from the Bwindi mountainous forest had higher d 13 C values (mean ¼ À29.2& AE 1.4&, min ¼ À31.9&) than those from the Congo Basin or Loango. We agree with Blumenthal and colleagues (Blumenthal et al., 2012) that the observed baseline difference of w2ew3& in d 13 C between these forests is more likely the result of much less dense canopy cover in mountain gorilla habitats (M. Robbins, Personal observation) than the result of differences in atmospheric d 13 C due to differences in altitude (Körner et al., 1988) .
Within the plant food items sampled for this study, we found a significant relationship between d 13 C and canopy height. The full d 13 C model was clearly significant (GLMM likelihood ratio test: c 2 ¼ 30.69, df ¼ 5, p < 0.001), but only the factor 'canopy height' caused the observed variation in d 13 C (p mcmc ¼ 0.003), whereas 'plant part unit' had no effect (p mcmc ¼ 0.329). Across terrestrial C 3plant species, photosynthetic plant parts are commonly found to be 13 C-depleted by 1e3& as compared with non-photosynthetic parts (reviewed in Cernusak et al., 2009 ). However, according to our model these differences are insignificant compared to the larger differences caused by canopy height. Nevertheless, given that our sample size is small, we cannot exclude that a slight depletion of (herb) leaves as compared to fruits (Cernusak et al., 2009 ) also contributed to this general pattern. We found the lowest mean d 13 C value of À34.4& (AE3.0&, 1s, n ¼ 10) in herbaceous vegetation (<2 m height), whereas high canopy fruits had a much higher mean value of À28.6& (AE2.2&, 1s). We conclude that this pattern is caused by the so called 'canopy effect' and relates to photosynthesis under low light intensity and reduced air circulation in the forests' understory (van der Merwe and Medina, 1991) . This stratification in d 13 C by canopy level has been described for several tropical ecosystems (Martinelli et al., 1998; Cerling et al., 2004a; Voigt, 2010; Oelze et al., 2011; Fahy et al., 2013) . At Bwindi, Uganda, herbaceous plants had a low mean d 13 C value of À29.2& (AE1.4&, 1s) while fruits had a higher mean d 13 C value of À26.3& AE 0.3&, 1s (Blumenthal et al., 2012) . However, the largest d 13 C differences at Bwindi were found between tree leaves and fruits (Blumenthal et al., 2012) . Given that all tree leaves (n ¼ 24) were represented by a single tree species (Myrianthus holstii), it cannot be fully excluded that leaves of other food tree species would reveal a different d 13 C distribution. In contrast to d 13 C, we found no relationship between d 15 N and canopy height or plant part at Loango (GLMM likelihood ratio test:
We conclude that the differences between the food categories consumed by chimpanzees and gorillas at Loango species are mainly driven by d 13 C and canopy effects. The d 13 C differences between terrestrial vegetation and higher canopy fruits were also observed in C 3 -food plants consumed by mountain gorillas (Blumenthal et al., 2012) and by bonobos (Oelze et al., 2011) , suggesting that this pattern can be found among different habitat types inhabited by great apes. In lowland forests, herbaceous vegetation grows in higher densities in swamps and seasonally inundated habitats. In these biotopes medium sized trees are often rare, but the understory consisting of Marantaceae and Zingiberaceae plants is commonly covered by high crowned trees (White, 2001) . While there are no typical Marantaceae forests at Loango, Marantaceae herbaceous plants commonly grow on the edges of swamps or in seasonally inundated areas. Marantaceae and Zingiberaceae herbs (see Table 1 ) from Loango averaged at À34.1& in d 13 C (AE2.8& 1s, n ¼ 6) and are thus w4& lower than the mean plant value. Also in Salonga, Marantaceae herbs had a mean of À34.7& (AE1.3& 1s, n ¼ 3) (Oelze et al., 2011) and at Taï National Park in Ivory Coast the lowest d 13 C value within a data set of 99 food plants was found in leaves of the Marantaceae species Haloplegia (À39.4&) (Fahy et al., 2013) . This clearly indicates that 13 C-depletion in terrestrial herbaceous vegetation can be observed across geographical areas. These plants are crucial to the diet of several primate species including bonobos, chimpanzees and gorillas (Malenky et al., 1994) . Given that their isotopic signatures are strikingly different from other plants such as fruits, they can be considered to be particularly useful tracer food items for this and future isotopic studies on extant primates.
Our plant isotopic data may be particularly interesting for future palaeodietary work on the d 13 C ratios in dental tissues of extinct hominin species. Isotopic evidence suggests that most landscapes inhabited by early hominins had low levels (<40%) of woody cover (Cerling et al., 2011) . Nevertheless, before four million years ago the few available woodland and forest patches were important foraging grounds for early hominins, which correspondingly reveal C 3 -based dietary signatures (Sponheimer et al., 2013) . The gradient in plant d 13 C ratios we report here for a mosaic of habitats including forest, savanna and swamps may provide a useful analogy for past environments inhabited by hominins. Wrangham et al. (2009) emphasized the relevance of shallow-water habitats for hominin feeding ecology. They summarize that freshwater was seasonally available at most fossil bearing sites and conclude that aquatic plants such as herbaceous macrophytes, floodplain herbs and particularly their underground storage organs may have been an important seasonal fallback food for hominins. Our data suggests that a refined inspection of the isotopic variation within the C 3signatures measured in hominin tooth enamel (e.g., by laser ablation mass spectrometry) could provide evidence on whether the C 3 -diet mainly consisted of high canopy fruits or of low canopy foods such as terrestrial herbaceous vegetation, which are often associated with aquatic regimes.
Hair isotope data quality
The length and weight of single ape hairs strands allowed for up to nine sequential isotope values (wnine months) in a single chimpanzee sample and ten sequential values (wten months) in two silverback gorilla samples ( Table 2) . Reproducibility of stable isotope analyses was tested in 13 hair samples (marked with * in Tables 2 and 3) , resulting in an analytic error of <0.1& in d 13 C and d 15 N within each duplicate measurement. The quality of hair isotope measurements was controlled by inspecting the atomic C/N ratios. Only hair isotope data with C/N ratios between 2.9 and 3.8 were considered acceptable (O'Connell and Hedges, 1999; O'Connell et al., 2001) . As a consequence, 19 gorilla and two chimpanzee hair sections with C/N ratios between 1.6 and 1.9 indicated incomplete sample combustion and were excluded from the dataset (see Tables 2 and 3) .
Gorilla and chimpanzee niche separation
The differences in mean d 13 C and d 15 N ratios of the two ape species were found to be highly significant (Welch two sample ttests, d 13 C: t 21 ¼ À4.632, p < 0.001; d 15 N: t 24 ¼ À5.81, p < 0.001). Fig. 2 illustrates that isotope values of chimpanzees and gorillas cluster differently, but also show an area of overlap. The differences in isotopic signatures between gorillas and chimpanzees most likely mirror the isotopic characteristics in the predominant food sources (Fig. 1) . While the chimpanzee's diet is dominated by plants with higher d 13 C values, which we confirmed to be fruits, the feeding niche of gorillas additionally contains higher proportions of terrestrial vegetation with lower d 13 C values, most likely due to canopy effects ( Figs. 1 and 2) . In Fig. 3 , we combined gorilla and chimpanzee hair isotope ratios from different years and seasons by month. Here, the largest differences between the two ape species in both isotope systems can be observed during the dry season. This niche differentiation between frugivory and folivory in sympatric chimpanzees and gorillas has been described across field sites (e.g., Kuroda, 1992; Tutin and Fernandez, 1993; Rogers et al., 2004; Morgan and Sanz, 2006) . At Loango, Head et al. (2011) described Table 2 Loango gorilla (Gorilla gorilla gorilla) d 13 C and d 15 N data measured in single hair sections and bulk hair strands.
Species
Hair The mean date of each hair section is calculated with hair growth rates of 1 cm/30 days and under the assumption that the sampling date corresponds to the hair roots (sb ¼ silverback). the chimpanzees as being significantly more frugivorous based on fecal analysis and feeding remains. The data collected over a period of three years revealed that gorillas consumed a variety of herbaceous vegetation (16 species), while chimpanzees only utilized one herbaceous plant species. On the other hand, gorillas ignored lipid rich fruit species, which were almost exclusively eaten by chimpanzees, e.g., Staudtia gabonensis. Although gorillas and chimpanzees seem to have successfully reduced feeding competition, some isotopic and thus dietary overlap between both species can be observed. Isotopic similarity in carbon and nitrogen and thus dietary overlap between chimpanzees and gorilla is highest at the very end of the dry season and the first weeks of the rainy season (September/October). Here, the d 13 C and d 15 N values of several chimpanzee and gorilla hair sections clearly overlap. Head et al. (2011) showed seasonal dietary overlap between chimpanzees and gorillas ranging from 0.3% to 69.0%, with highest overlap rates in the peak of the rainy season (December/January). As the dataset is imbalanced during this particular time frame, we cannot further investigate dietary overlap in the mid rainy season with our present data (Fig. 3) . Nevertheless, dietary evidence of niche differentiation and dietary overlap obtained from isotopic ratios of hair are well in line with indirect measures of great ape feeding ecology available for the field site of Loango, and also with long-term direct observations from several sites across Africa. The fact that the niche differentiation between two hominid species within a C 3 -plant dominated ecosystem is also expressed in the respective d 13 C signatures of body tissue is relevant for future palaeodietary reconstruction of folivory and frugivory in sympatric fossil primate species. Several early hominin species fed in environments dominated by C 3 -vegetation (Sponheimer et al., 2013) . Future studies could investigate whether these diets were more gorilla-like and thus more opportunistically shifting between folivory and frugivory or if their feeding repertoire rather resembled the persistent frugivory of present day chimpanzees. 
Great ape seasonality
We predicted that the pronounced differences in precipitation and food availability in Loango would have an effect on the stable isotope ratios of hair in both great ape species throughout the year. This assumption was supported by our statistical analysis, with which we tested if isotope ratios in chimpanzee and gorilla hair sections were influenced by season in different ways.
Overall, the full d 13 C model was clearly significant as compared with the null model (likelihood ratio test: c 2 ¼ 14.29, df ¼ 4, p < 0.006), and there is a tendency that the interaction between species and season has some effect (p mcmc ¼ 0.057). The model results (curved lines) for d 13 C are illustrated in Fig. 4 and suggest that chimpanzees and gorillas differ as to the intensity with which their isotope ratios respond to season. While the d 13 C-variability in the gorilla model (solid line) follows pronounced seasonal shifts, the chimpanzee model (dashed line) indicates less variation in d 13 C throughout the year. The post hoc d 13 C model we ran for gorillas was highly significant (likelihood ratio test: c 2 ¼ 11.53, df ¼ 2, p ¼ 0.003) and showed that the relationship between d 13 C and the fixed effect of season was significant (p mcmc ¼ 0.001). In chimpanzees, the d 13 C values were not affected by season (likelihood ratio test: c 2 ¼ 0.58, df ¼ 2, p ¼ 0.745), but isotopic variation differed between individual hair strands. These observations for d 13 C are best explained by a constant reliance on higher canopy fruits in chimpanzees and changing proportions of herbaceous vegetation versus higher canopy resources in gorillas. In gorillas, the model predicts the lowest d 13 C values (and thus presumably the highest degree of herbaceous vegetation) during the middle of the rainy season. However, the fruit availability index for gorillas based on phenology recordings at Loango National Park (Head et al., 2011) suggested a peak in fruit availability in December and January. More evidence from direct observations on the feeding ecology of this gorilla population may help to disentangle these slightly contradicting findings. Blumenthal et al. (2012) recently explored the potential of using stable isotope analysis in fresh feces to describe short term shifts in fruit consumption among mountain gorillas. However, while this approach may be an analytical tool in habituated communities that can be followed (and also directly observed) on a daily basis, this method may not be useful for studying unhabituated apes, unless time-and cost intensive genetic methods are used for fecal identification. We propose that isotope analysis in hair is an innovative and cost-effective approach to assess shifts in folivory and frugivory in unhabituated gorillas, mainly because hair samples can be easily obtained from gorilla ground nests and hair length allows for up to ten months of sequential isotope data from the same individual.
The results of the d 15 N model reveal a quite distinct seasonal pattern (Fig. 5) . The full d 15 N model for both species was highly significant (c 2 ¼ 55.09, df ¼ 6, p < 0.001) and the interaction between species and season was clearly significant as well (p mcmc < 0.001). The seasonal patterns of both species are opposite each other and the amplitude of the gorilla model line (solid) is less intense than the amplitude of the chimpanzee model line (dashed).
The post-hoc d 15 N model for gorillas was not significant (c 2 ¼ 5.38, df ¼ 2, p ¼ 0.067), whereas in chimpanzees variation in d 15 N was highly significant (c 2 ¼ 33.86, df ¼ 4, p < 0.001) and clearly related to season (p mcmc < 0.001). In the Loango chimpanzees, the highest d 15 N values are measured in hair sections representing the very early dry season and a trend of decreasing d 15 N values towards the end of the dry season can be observed across several individuals. Given that chimpanzees are principally frugivorous, it appears likely that this variation in d 15 N is caused by the consumption of specific 15 N-enriched plants during the first weeks of the dry season. In a previous study (Head et al., 2011) , seeds of the fatty fruit Staudtia gabonensis were found in 68% of all chimpanzee feces collected during the dry season, implying that this fruit is particularly important to the dietary adaptation of the Loango chimpanzees at this time of the year. We found that Staudtia gabonensis has the highest 15 N-signature (4.7&) among the most relevant chimpanzee plant foods and the consumption of these fruits is likely reflected in sequential segments of hair. Other chimpanzee fruits with comparable isotopic 'properties' include Dacryodes normandii and Garcinia sp. (see Table 1 ), but they seem less relevant to the chimpanzees diet (Head et al., 2011) . We conclude that seasonal dependence on fruits of Staudtia gabonensis led to the observed shifts in chimpanzee hair d 15 N values. The fact that gorillas did not show a similar d 15 N pattern may support the previous observation that gorillas at Loango avoid fat rich fruits like Staudtia gabonensis (Head et al., 2011) .
While d 15 N cannot be detected in fossilized specimens, the d 13 C ratios have been successfully measured in a large number of fossil hominin teeth (Sponheimer et al., 2013) . Although they differ in their temporal scaling, hair and tooth enamel have an incremental nature in common and continuously retain the temporal aspects of in vivo dietary signatures. Laser ablation isotope analysis along the tooth's growth trajectory has the potential to unravel temporal dietary variation. Even though the accurate timing of tooth enamel increments (perikymata) remains difficult and partial isotopic overprinting during enamel maturation may dampen the original signal, the sequence of before and after can be captured and may indicate seasonality (Lee-Thorp et al., 2010 and references therein). Thus far, two studies have presented such seasonal isotopic data that revealed variation of up to 7& d 13 C in Australopithecus africanus and Paranthropous robustus, indicating shifts between C 3 and C 4 -based foods (Sponheimer et al., 2006b; Lee-Thorp et al., 2010) . We suggest that seasonal shifts could also be detected in fossil primates that predominantly foraged in C 3 -habitats, such as Ardipithecus ramidus and A. sediba Henry et al., 2012) . Isotopic variation of several & would indicate shifting proportions of fruits versus foliage, particularly herbaceous vegetation, and could thus provide evidence on fallback food selection.
Conclusions
We evaluated the isotope ecology of sympatric great apes living in a mosaic habitat by analyzing the d 13 C and d 15 N ratios in food plants and ape hair samples from Loango National Park. The significant differences in d 13 C we found between terrestrial herbaceous vegetation and high canopy fruits were related to canopy effects. Thus, we could show that folivory on herbaceous vegetation values needed to be log transformed; the actual data ranges from w3& to 6& (see Figure 3 ). The seasonal d 15 N response in chimpanzees is significantly larger than in gorillas. Model robustness is very high and indicated as grey lines; the alternative model lines hardly vary (gorilla) or do not vary (chimpanzee) from the original model. and frugivory can be distinguished by means of d 13 C. The gorilla hair isotope values revealed evidence for the consumption of significant amounts of terrestrial herbaceous plants, while chimpanzee isotope values indicated that fruits were the main dietary resource. Hence, our isotopic data found a niche differentiation of these sympatric apes, yet also supported the previously reported dietary overlap between the Loango chimpanzees and gorillas.
Using sequential hair sections we reconstructed seasonal isotopic variation over the course of seasons and several years. The amount of dietary overlap between chimpanzees and gorillas appeared to vary with time, as previously shown using fecal analysis (Head et al., 2011) . Compared with chimpanzees, gorillas revealed a much stronger variation in d 13 C in response to season, most likely due to varying proportions of herbaceous vegetation versus fruits in different seasons. On the other hand, the highly significant shifts in d 15 N values of chimpanzees were most likely connected to the consumption of 15 N-enriched fruit like Staudtia gabonensis during the early dry season, which was supported by previous indirect evidence (Head et al., 2011) . Our results have several implications for palaeoanthropology. First, we identified C 3 -herbaceous vegetation to be a diagnostic food item for future palaeodietary studies. Particularly the relevance of aquatic herbs as a seasonal fallback food could be investigated in fossil specimens using d 13 C analysis. Second, we argue that niche partitioning can be identified in sympatric hominin species that predominantly fed in C 3 -habitats. Thirdly, we suggest that, similar to the sequential analysis of hair, refined sequential analysis of tooth enamel using laser ablation IRMS may provide novel insights into the inter-and intra-individual seasonal dietary variation of fossil hominins that foraged in C 3 -habitats.
In his recent review, Sandberg et al. (2012) has emphasized that one of the main advantages of isotopic investigations in primatology lies in the fact that dietary information can be obtained from wild populations without time and financially demanding habituation programs or long term field work. Additionally, habituation may also have negative effects on ape populations, such as disease transmission and the loss of fear towards humans and thus increased vulnerability to poaching (reviewed by Fedigan, 2010) . Here, we demonstrate that isotope analysis is a useful method for dietary reconstruction, which allows the investigation of niche separation and seasonality in sympatric apes. At this rather early stage of isotopic research on unhabituated apes, additional evidence from fecal analysis and feeding trails appears particularly useful in aiding plant sample collection and the interpretations of isotopic data. However, we found that pronounced differences in feeding niche (frugivory versus folivory of herbaceous plants) and also seasonal shifts between these food categories can be detected by means of stable isotope analysis. Thus, studying the isotope ecology of great apes could provide a time and thus cost effective alternative to direct observations, at least for some aspects of primate feeding ecology.
